The identification of essential genetic elements in pathways governing the maintenance of fully established tumors is critical to the development of effective antioncologic agents. Previous studies revealed an essential role for H-RAS V12G in melanoma maintenance in an inducible transgenic model. Here, we sought to define the molecular basis for RAS-dependent tumor maintenance through determination of the H-RAS V12G -directed transcriptional program and subsequent functional validation of potential signaling surrogates. The extinction of H-RAS V12G expression in established tumors was associated with alterations in the expression of proliferative, antiapoptotic, and angiogenic genes, a profile consistent with the observed phenotype of tumor cell proliferative arrest and death and endothelial cell apoptosis during tumor regression. In particular, these melanomas displayed a prominent RAS-dependent regulation of the epidermal growth factor (EGF) family, leading to establishment of an EGF receptor signaling loop.
Genetic complementation and interference studies demonstrated that this signaling loop is essential to H-RAS V12G -directed tumorigenesis. Thus, this inducible tumor model system permits the identification and validation of alternative points of therapeutic intervention without neutralization of the primary genetic lesion.
Malignant melanoma is a lethal malignancy due to its propensity to metastasize and near universal failure to respond to existing therapies (12, 33) . Molecular genetic studies have identified multiple oncogenic alterations in sporadic melanomas, including frequent loss of the INK4a/ARF and PTEN tumor suppressor loci and activating mutations in B-RAF or in the H-and N-RAS GTPases (16, 26, 28, 62) . In addition, germ line mutations in the INK4a locus are associated with familial malignant melanoma (29) , and the tumors occurring in this syndrome appear to have a high incidence of N-RAS activation (19) . We have shown that in mice, melanocyte-specific expression of oncogenic H-RAS V12G cooperates with germ line deficiency of either component of the Ink4a/Arf locus or with p53 deficiency to promote melanoma (5, 13, 14, 32) , as does the combined loss of Ink4a/Arf and Pten (63) . In line with the epidemiological link between childhood UV exposure and melanoma in humans, Ink4a/Arf deficiency promotes UV-induced melanoma development in the mouse (50, 55) . Mice deficient in Ink4a/Arf are also prone to the development of melanomas after carcinogen treatment (34, 54) . These observations support the utility of the mouse as a genetic model system for validating the role of candidate melanoma genes and elucidating the interactions of molecular signaling pathways involved in the pathogenesis of human melanoma.
The transforming activity of RAS oncogenes involves the regulation of diverse cellular signal transduction pathways that direct processes, such as proliferation, migration, and resistance to apoptosis (57) . These processes are mediated by multiple RAS effectors that include the Raf serine/threonine kinases, phosphoinositide 3-kinases (PI3-K), and Ral GDP-GTP exchange factors (RalGEFs). Both the signaling pathways engaged by activated RAS proteins and the resulting biological readouts are modulated in complex ways by differences in cell type and associated genetic alterations. The impact of cell type is evidenced, for example, by the capacity of RAS to activate PI3-K in fibroblasts but not in lymphocytes (24) . With respect to genetic context, RAS can induce either senescence or transformation of primary human and mouse fibroblasts depending upon the functional status of INK4a/ARF and p53 loci (38, 53, 64) ; at the same time, however, activated RAS provokes a proliferative response in primary human or rat thyroid epithelial cells regardless of p53 status (8, 10, 36) . The analysis of RAS effector pathways has revealed a corresponding level of complexity. For example, while transformation of immortal mouse fibroblasts is efficiently effected by activated Raf alone, transformation of rat intestinal epithelial cell lines requires both Raf and PI3-K activation (9, 35, 44, 59) . It has also been suggested that there exist species-specific differences in response to RAS, since activation of RalGEF may be central to transformation of human cells but not mouse cells (27) . How-ever, genetic observation of the high frequency of activating BRAF mutations and the mutually exclusive relationship of BRAF and RAS mutations in numerous human cancers, including melanoma, underscores the primacy of the Raf-mitogenactivated protein (MAP) kinase pathway in RAS-dependent transformation in a number of human cell lineages and derivative tumors (16) . In addition to these cell type-dependent differences in cultured cell systems, in vivo analysis has shown that RAS signaling pathways are modulated by reciprocal interactions with the extracellular matrix and with the host stroma and vasculature (49, 52) . Together, these studies point to a need for continued investigation of RAS-directed transformation pathways in distinct cell types as well as in various physiological contexts.
To address the mechanisms by which activated RAS regulates the pathogenesis of melanoma in vivo, we have generated an Ink4a/Arf Ϫ/Ϫ mouse model of cutaneous melanoma in which an H-RAS V12G transgene expression is controlled by the reverse tetracycline transactivator system in a doxycycline-dependent and melanocyte-specific manner (Tyr/Tet-RAS mice) (14) . This inducible system permits RAS expression to be extinguished at any stage during tumorigenesis, enabling experimental interrogation of the requirement of sustained RAS activity in the maintenance of the transformed state. This model demonstrated the critical role of sustained H-RAS V12G activity for tumor maintenance as evidenced by complete tumor regression upon removal of doxycycline and down-regulation of H-RAS V12G transgene expression (14) . Remarkably, in contrast to the prominent effects of H-RAS V12G extinction observed in vivo, the growth and survival of early passage tumor-derived cell lines are grossly unaffected upon modulation of H-RAS V12G expression under monolayer growth conditions. In this study, we determined expression changes that were associated with loss of H-RAS V12G activity during tumor regression in vivo and assayed candidate H-RAS V12G -dependent factors for their ability to modulate the H-RAS V12G -directed tumor maintenance program in vivo.
MATERIALS AND METHODS
Transgenic mice and tumor cell lines. Tyr/Tet-RAS transgenic mice have doxycycline-inducible expression of H-RAS V12G in melanocytes (14) . Mice were kept on an Ink4a/Arf Ϫ/Ϫ genetic background and were given doxycycline in the drinking water to induce melanomas. Primary tumors were adapted to culture as described previously (14) . Tumor cell lines were used at early passage (before passage 10) for all studies to avoid divergence from the primary tumors.
SCID explant tumors. Melanoma cells were implanted in CB-17-scid (C.BIgh-1 b /IcrTac-Prkdc scid ; Taconic) mice at 10 6 cells/site. In most experiments, doxycycline was supplied in the drinking water to activate H-RAS V12G expression. For regression experiments, tumors were allowed to develop over 2 to 3 weeks, and then doxycycline was withdrawn. Specimens were isolated at successive time periods after doxycycline withdrawal and snap-frozen or fixed in formalin.
Plasmids, retroviral transduction, and siRNA transfection. For retrovirus production, cDNAs were inserted in pBABE-Puro. Mouse Ereg cDNA was isolated by reverse transcription-PCR (RT-PCR). Dominant-negative EGFR was a gift of E. Wagner. Retroviral vectors were transfected into 293T cells using the pCL-Eco helper plasmid (42) . Retroviral supernatants isolated 36 to 54 h after transfection were diluted 1:1 in culture medium and used to infect melanoma cell lines in the presence of 4 g/ml Polybrene. At 24 h postinfection, the cells were selected for 2 days in growth medium containing 2.25 g/ml puromycin. Cells were passaged no more than two times before subcutaneous injection into SCID mice. At least eight injections for each cell line were performed for tumor regression experiments. For small interfering RNA (siRNA) experiments, R545 cells were seeded at 2.5 ϫ 10 5 cells/well in six-well plates and transfected the next day with either Block-It (Invitrogen) or siRNA against epidermal growth factor receptor (EGFR) (SMARTpool; Dharmacon). Protein lysates were collected 72 h after transfection and assessed for EGFR expression. RNA and protein analyses. Total RNA was isolated using Trizol reagent (Invitrogen). Differential display/RT-PCR (DD/RT-PCR) was performed using RNAimage kits 1 to 6 (GenHunter) according to the manufacturer's instructions. RNA was prepared at intervals after doxycycline withdrawal from tumor specimens from two independent series of SCID injections. DD/RT-PCR products showing differential expression in both injection series were cloned and sequenced. Northern blot analysis was performed as described previously (14) . For real-time quantitative RT-PCR, relative expression levels were determined by real-time PCR using SYBR green I detection chemistry and the ABI Prism 7700 sequence detection system (Applied Biosystems). Amplification reaction mixtures contained 1ϫ QuantiTect SYBR green PCR buffer (QIAGEN), 1/40 volume of RT reaction mixture from 1 g total RNA, and 300 nM of each primer in a final volume of 25 l. Thermal cycling parameters were as follows: 15 min at 95°C, followed by 40 cycles of 15 s at 95°C, 30 s at 56°C, and 30 s at 72°C. The comparative cycle threshold method was used to quantify target mRNA copy number in the tumor RNA sample relative to that of an endogenous control gene R15 (assay Z) and a time zero sample as a reference. RNA was prepared from two SCID explant tumors per time point for each cell line and analyzed by RT-PCR in triplicate. Expression was normalized relative to the levels at the zero time point. Ribosomal protein R15 expression was utilized as an internal control. For RNA in situ hybridization, digoxigenin-labeled antisense riboprobes were hybridized to cryostat sections of tissues as described previously (40) . For immunoblots, lysates were resolved on 4 to 12% Nu-Page minigels (Invitrogen) or 7% sodium dodecyl sulfate-polyacrylamide gels (for EGFR). Western blots were probed with antibodies against AKT and phospho-AKT (Ser473) (Cell Signaling Technology), Bcl-xl (Pharmingen), phospho-EGFR (Biosource) or EGFR (sc-03), cyclin D1 (sc-450), and PTEN (sc-7974) (Santa Cruz Biotechnology).
Histological analysis and immunohistochemistry. Tissue samples were formalin fixed and paraffin embedded. Apoptosis was measured by counting nuclear bodies in hematoxylin and eosin (H&E)-stained sections and by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay (ApopTag kit; Intergen). Proliferative indices were measured by counts of mitotic nuclei in H&E-stained sections and by KI-67 immunohistochemistry (Novocastra). Phospho-Erk1/2 (Thr202/Tyr204) was detected by immunohistochemistry (Cell Signaling Technology).
Soft-agar assay and siRNA transfection. R545 cells were transfected with siRNA for 20 h, trypsinized, and suspended in 0.35% agarose-containing medium, and seeded at 10,000 cells/well in six-well plates in triplicate on top of 0.5% agarose-containing medium for soft-agar assay. Colonies were stained with piodonitrotetrazolium violet (Sigma) and counted on day 7.
Gene expression analysis. Expression profiling was performed using the Affymetrix Mgu74av2 chip.
(i) Data processing. The CEL files were obtained using Affymetrix Microarray Suite software. The DNA-Chip Analyzer (dChip) (www.dchip.org, version 1.3) was used to normalize all CEL files to the control array (see Fig. 2D, 72hrs b) , and the model-based expression (PM-only model) was used to compute the expression values (26, 27) .
(ii) Selection of genes with strong up-and down-regulation both in vivo and in vitro. Ten samples were used from three in vitro pairs (on/off) and two in vivo pairs (on/off 72 h). Only the 6,396 genes that have at least one sample with Ͼ200 expression index and "Present" in at least three samples were considered in the analysis (see Fig. 2B ). Red-colored genes in Fig. 2D are differentially expressed both in vivo (lower bound fold change [LBFC] of Ͼ1.62) and in vitro (LBFC of Ͼ1.24). LBFC is a conservative measure of fold change that takes into account the variation at the expression level as well as the probe level of a gene in each of the groups compared (27) . These thresholds are 97 percentile of in vivo absolute LBFC and 98.5 percentile in vitro absolute LBFC over 6,396 genes. LBFCs (or upper bound fold changes [UBFCs]) are averages of all pairwise (i.e., two pairs in vivo and three pairs in vitro) LBFCs (or UBFCs). By these analyses, 23 genes are highly down-regulated and 6 are highly up-regulated both in vivo and in vitro.
(iii) Selection of genes with graded expression changes. The gene selection procedure with respect to the fold changes may overlook genes with moderate but consistent changes over time. We enlarged our gene list by selecting genes with consistent monotonic temporal changes in vivo. This analysis identified 70 down-regulated genes and 472 up-regulated genes. The selected genes (i) are called present by dChip in at least two of seven samples, (ii) have at least one sample with Ͼ200 expression index by dChip, and (iii) have the maximum absolute correlation with the four templates, which is designed to detect monotonically increasing (or decreasing) genes over time, Ͼ0.94 (estimated median VOL. 25, 2005 RAS-DEPENDENT MELANOMA MAINTENANCE PROGRAM 4177 false discovery rate [FDR] is 0.05). The median FDR is estimated by permuting the sample labels 100 times and calculating correlation with the four templates. The distribution of the maximum (minimum) correlation and the null distribution (see Fig. S2 in the supplemental material) obtained by permuting the sample labels reveal the asymmetric nature of the expression profile and explains the difference in the number of identified up-and down-regulated genes. Among these "gradual" in vivo genes, genes that were differentially expressed in vitro (LBFC of Ͼ1.24) are colored pink in the scatter plot. Blue-colored genes are only differentially expressed in vivo but unchanged in vitro (either "strong" or "gradual" regulation in vivo but UBFC of Ͻ1.2 in vitro) or only differentially expressed in vitro but unchanged in vivo ("strong" regulation in vitro but UBFC of Ͻ1.2 in vivo). Northern in situ hybridization or real-time RT-PCR analysis validated the differential expression of all candidates tested (n ϭ 15).
RESULTS
Upon doxycycline withdrawal, primary de novo melanomas in the inducible Tyr/Tet-RAS model undergo regression within days, culminating in gross and microscopic tumor elimination by 3 weeks (14) . Since the de novo tumors are not amenable to serial biopsies and analyses, the explant model-where isogenic tumor cell lines can be used to generate multiple samples at sequential time points-represents an attractive alternative for detailed molecular characterization of the melanoma maintenance program of activated RAS. To this end, we first assessed the in vitro and in vivo properties of several melanoma cell lines independently derived from the inducible Tyr/Tet-RAS transgenic model (n ϭ 7) upon RAS inactivation via doxycycline withdrawal. In parallel, melanoma cells derived from the constitutive Tyr-RAS model were used as a control for the pharmacological effect of doxycycline.
In line with previous observations, none of the cell lines examined required H-RAS V12G activity for proliferation under monolayer conditions (14) (data not shown). In contrast, anchorage-independent growth in soft agar was critically depen- dent on continued H-RAS V12G expression (Fig. 1A) . Moreover, all seven cell lines demonstrated strict H-RAS V12G dependency for tumorigenicity in immunodeficient mice (Materials and Methods; also data not shown). Similar to the de novo melanomas (14) , these xenograft tumors also required H-RAS activity for maintenance; gross tumor shrinkage was observed within days after doxycycline withdrawal (Fig. 1B, cell lines R545, MK14, and MK27). In comparison, melanoma cell lines that constitutively express H-RAS V12G (13) continued to grow in SCID mice following doxycycline withdrawal (Fig. 1B , cell line C590). Activated RAS expression was nearly extinguished by 72 h after doxycycline withdrawal (as measured by RNA in situ hybridization [ Fig. 1D] ) and by Northern blotting (see Fig. 3A ) at which point the melanoma xenografts still displayed intact tumor parenchyma but had an increasingly benign tumor cell cytoarchitecture accompanied by dramatic loss of vascular integrity as measured by CD31 staining (Fig.  1D ). This collapse in tumor vasculature was accompanied by reduction in vascular flow as measured in real-time in vivo magnetic resonance imaging (M. Kim and L. Chin, unpublished data). In addition, loss of RAS activity was associated with induction of apoptosis and reduction in proliferative capacity as measured by TUNEL assay and Ki67 staining, respectively. These immunohistochemical observations were confirmed by quantitative counts of apoptotic and mitotic bodies in H&E-stained tumor sections (Fig. 1C ). Since these growth and regression phenotypes were indistinguishable from those observed in the de novo melanoma tumors in the Tyr/Tet-RAS model (see Fig. S1 in the supplemental material) (14) , explanted melanomas derived from congenic cell lines and harvested at different time points after doxycycline withdrawal were used in the following studies aimed at characterizing the molecular profile of H-RAS V12G -directed tumor maintenance. RAS-dependent transcriptome in the regression of established melanomas. As an initial assessment of the RAS-directed tumor maintenance program, we sought to determine the gene expression changes following extinction of RAS transgene expression in established tumors. Total RNA was isolated at 0 (i.e., RAS on), 24, 36, 48 , and 72 h following withdrawal of doxycycline in tumors generated by the R545 melanoma cell line (all experiments employed cells cultivated Ͻ10 passages in vitro [see Materials and Methods]). RNA specimens were analyzed by two complementary methods, DD/RT-PCR (37) and oligonucleotide-based microarray approaches; the former was anticipated to identify a set of highly regulated and potentially novel genes, while the latter was expected to provide a broad view of the maintenance program. DD/RT-PCR analysis using 144 different arbitrary primers/anchor primer pairs (Materials and Methods) revealed six mRNAs showing strong differences between the 0-and 72-h time points and graded changes at the intermediate stages ( Fig. 2A and B) . Notably, this gene set shows pronounced regulation of secreted factors, such as the EGFR ligand, epiregulin, and the bone morphogenetic protein (BMP) antagonist, Gremlin.
In parallel, the mRNA expression profiling analysis of approximately 12,488 oligonucleotide probe sets (approximately 9,800 genes) using Affymetrix MG_U74Av2 chips revealed 542 differentially regulated genes (472 increased and 70 decreased; median FDR of 0.05) (see Fig. S3A and B in the supplemental material) that showed monotonic temporal changes in vivo coinciding with detectable decline in H-RAS V12G (see Fig. S4 in the supplemental material for gene list and Materials and Methods for gene selection criteria). Generally, the differentially expressed genes could be grouped into functional categories, consisting of secreted growth factors as well as regulators of signal transduction, angiogenesis, extracellular matrix, metabolism, and inflammation, matching well with the tumor regression phenotype. For example, consistent with previous evidence of H-RAS V12G promoting a robust angiogenic state in these tumors, expression profiles showed a significant and acute decline of prolactin/proliferin family genes, several of which have been implicated in the migration and proliferation of vascular endothelial cells (31) . Similarly, in line with a role of H-RAS V12G in metabolic control, we observed strongly diminished expression of uridine phosphorylase (47) and ornithine decarboxylase (41), regulators of nucleoside and polyamine biosynthesis, respectively. The prominent decreases in neurofilament-L and -M suggest that H-RAS V12G imposes a more primitive, neural crest-like phenotype on the tumor cells, a difference that is evident in the morphology observed on H&E-stained sections (Fig. 1D) . Overall, the rapid expression changes in these diverse classes of genes are consistent with the concept that H-RAS V12G regulates diverse biological processes in fully established tumors and these processes involve both cell autonomous and paracrine growth/survival networks.
Expression profiling of melanoma cell lines grown in vitro-in the presence or absence of doxycycline-revealed a set of RAS-regulated genes that only partially overlaps with that observed in the in vivo experiments ( Fig. 2C and D; see Fig. S3 and S4 in the supplemental material). These differences in H-RAS V12G -regulated gene expression likely relate to the expression changes in the stromal component of the tumor and/or to the contextual differences of cell culture versus in vivo environments. Notably, the in vivo profiles showed elevated expression of factors relating to fibrosis and inflammation characteristic of a host response, and a number of these factors showed sudden increases at the 72-h time point (see Fig. S3A in the supplemental material). Several of these genes are known to be expressed by stromal cells, including factors associated with the vascular injury (e.g., fibrinogen-like protein and CD59a) (25, 39) , lymphocyte activation and gamma interferon stimulation (e.g., T-cell-specific GTPase, guanylate nucleotide-binding protein 2) (7, 11), and extracellular matrix deposition (e.g., matrillin 2) (46). In addition, a series of regulators of apoptosis were induced only in the in vivo setting (e.g., caspase 12 and catalase), consistent with the observed apoptosis in the tumor cell and vascular compartments in vivo. A small number of expression changes were seen only in vitro, including the gap junction protein connexin43, integrin alpha 6, and chemokine CCL9/MIP-1gamma, all of which showed diminished expression following extinction of H-RAS V12G expression. These in vitro-only changes presumably reflect the modulating effects of the tissue culture growth environment (e.g., exposure to serum, oxidative stress, growth on plastic substrate) on cellular signaling pathways. Overall, there was a significant concordance of the in vivo and in vitro data sets, suggesting that most of the expression changes observed in vivo related to factors expressed by the tumor cells rather than the stroma. 
RAS-directed autocrine EGFR signaling is required for melanoma maintenance. To begin to identify critical effectors of the H-RAS
V12G -directed tumor maintenance program, initial studies focused primarily on genes that are regulated in a cell-autonomous fashion; such factors are readily identified by searching for genes showing significant and acute changes in both the in vitro and in vivo data sets (Materials and Methods and Fig. 2C and D) . Among 29 candidates (23 increased and 6 decreased) in this category, there was a striking overrepresentation of the EGF family ligands. Specifically, many of the EGF ligands are regulated by H-RAS V12G , including epiregulin (Ereg), amphiregulin (Areg), and heparin-binding EGF-like growth factor (HB-EGF) (Fig. 2D) (43) . Profiles of the regressing tumors in vivo also showed loss of EGF substrate 8 (Eps8), a factor that links EGFR signaling to the activation of Rac GTPase (see Fig. S3B in the supplemental material). These expression changes were confirmed by Northern blotting (Fig.  3A) and by RNA in situ hybridization; the latter also confirmed that the EGF family ligand expression was tumor cell derived ( Fig. 3B and data not shown) . Real-time quantitative RT-PCR analysis of regressing tumors originating from three other independently derived Tyr/Tet-RAS melanoma cell lines also showed prominent RAS-dependent regulation of Areg and Ereg, while EGFR itself was largely unchanged (Fig. 3C ). These expression changes were specific to declines in H-RAS V12G activity, since they were not observed in the C590 constitutive H-RAS V12G -expressing melanoma line following doxycycline withdrawal. In addition, analysis of the steady-state expression of Areg and Ereg in the melanoma cells in vitro compared to cultured primary nontransformed melanocytes from Tet/Tyr-RAS mice demonstrated that the melanomas had elevated expression of these factors (Fig. 3D) .
To determine whether autocrine activation of EGFR is operative in the Tyr/Tet-RAS melanomas, we evaluated Egfr expression in primary melanocyte cultures and melanomas derived from this model. As shown in Fig. 4A , all cultured melanocytes (two independent cultures) and melanomas (five independent lines) examined showed Egfr and Erbb2 (Her2/ neu) expression, but not the other EGFR family receptors (Erbb3 and Erbb4) (data not shown). Immunoblot analysis confirmed the expression of EGFR protein (Fig. 4B) . The expression of both EGFR family receptors and their ligands suggest that H-RAS V12G -induced autocrine activation of EGFR signaling may contribute to melanoma genesis in this model. Thus, we directly assessed the presence of autocrine EGFR signaling by immunoblot analysis of phospho-EGFR levels in lysates from cultured melanoma cells. Phospho-EGFR levels were low in melanoma cells maintained in low serum without doxycycline but were strongly induced upon administration of doxycycline (Fig. 4C , compare the middle and rightmost lanes), a finding consistent with induction of EGFR autophosphorylation via an H-RAS V12G -dependent autocrine loop.
It has been shown that EGFR autocrine loops are required for RAS transformation in cultured fibroblasts and epithelial cells (23, 57, 58) . To determine whether EGFR signaling contributes to the maintenance of Tyr/Tet-RAS melanomas in vivo, we engineered R545 cells to express wild-type EGFR (wtEGFR) or a dominant-negative EGFR (dnEGFR) mutant that comprises only the ligand binding domain (51) . To verify the inhibitory activity of dnEGFR, we performed immunoblot analysis of lysates from dnEGFR-expressing cultures exposed to doxycycline in vitro and found that EGFR autophosphorylation was completely abrogated, consistent with the attenuation of EGFR signaling in these cells (Fig. 4C) . Next we generated subcutaneous tumor explants from R545 cells transduced with empty vector, dnEGFR, or wild-type EGFR (wtEGFR). While wtEGFR had no effect on tumorigenesis (i.e., comparable size after 14 days [data not shown]), dnEGFR strongly inhibited tumor formation (P ϭ 0.03) (Fig. 4E) . Consistent with the inhibitory impact of dnEGFR, tumors that eventually emerged from the dnEGFR-transduced cells showed greatly diminished levels of dnEGFR protein compared with the levels present in the preinjection cultures-a pattern consistent with strong selective pressure against expression of this dominant-negative mutant protein in developing tumors (Fig. 4D ). This inhibitory effect of dnEGFR on the tumorigenicity of Tyr/Tet-RAS melanoma cell line was also observed in another independently derived line, AT21 (data not shown). To more fully address the tumorigenic role of autocrine EGFR signaling, we assessed whether this autocrine loop contributes to the growth of melanoma cells in soft agar. The ability of R545 cells to form anchorage-independent colonies is strictly dependent on H-RAS V12G expression (Fig. 1A) . To determine the requirement of EGFR signaling in this process, we employed siRNA against EGFR and against a control protein (green fluorescent protein). Transfection of EGFR siRNA resulted in a specific and potent inhibition of EGFR expression in H-RAS V12G -expressing R545 cells (Fig. 4F) . Cells transfected with EGFR siRNA showed a diminished ability to form robust foci in soft agar compared to controls ( Fig. 4G and H) , consistent with a cell-autonomous role of EGFR signaling in efficient transformation of the Tyr/Tet-RAS melanomas.
Sustained EGFR signaling delays tumor regression but cannot replace H-RAS V12G . We next sought to determine whether sustained EGFR signaling could substitute for H-RAS V12G activity in the establishment or maintenance of melanomas. Ereg binding to EGFR family receptors transmits more potent mitogenic signals compared to other EGF family ligands, by inducing prolonged receptor activation (56) . Melanoma cells overexpressing Ereg or a constitutively active form of EGFR (48) were generated by retroviral transduction and subsequently injected into SCID mice. In the absence of doxycycline administration, these cells did not form tumors, indicating that EGFR signaling is not functionally equivalent to H-RAS V12G in melanoma development (data not shown).
To evaluate the impact of enforced Ereg expression on tumor regression, Ereg-expressing melanoma cells were injected subcutaneously into mice maintained on doxycyline. These cells formed tumors with latencies and sizes similar to those of vector-transduced cells (Fig. 5A) . Upon withdrawal of doxycycline, the Ereg-expressing tumors showed delayed regression relative to control tumors transduced with empty vector (Fig.  5A) , although the Ereg-expressing tumors eventually regressed completely (data not shown). Consistent with delayed regression kinetics, measurement of apoptotic index by TUNEL staining at successive time points following doxycycline withdrawal demonstrated that enforced Ereg expression was associated with a marked delay in the onset of apoptosis (Fig. 5D and E, left panel) and a less pronounced decline in melanoma cell proliferation (Fig. 5E, right panel) , indicating that the Ereg-mediated delay in tumor regression involves both enhanced proliferation and survival signaling.
One possible mechanism to account for the eventual regression of the Ereg-expressing tumors is that endogenous EGFR expression is lost following extinction of RAS activity. To address this possibility, EGFR was measured at successive time points, which showed that it was maintained through late phases of regression (Fig. 5C, top panel) , along with transduced Epg (Fig. 5B, top panel) , reinforcing the conclusion that sustained EGFR activity is not equivalent to RAS activation in this system. It remains possible, however, that higher levels of EGFR signaling achieved by the combined overexpression of both autocrine ligands and EGFR may lead to oncogenic growth of melanomas in the absence of activated RAS. Alternatively, the expression of critical components of EGFR signaling-other than ligand-receptor complexes-may require H-RAS V12G activity and not be effectively induced by Ereg.
Along these lines, ectopic expression of Ereg did not stimulate expression of endogenous Ereg or of Eps8 (Fig. 5B and C) . In order to better understand the molecular basis for tumor regression in this model and the specific role of EGFR signaling, we audited the regulation of key RAS effectors following doxycycline withdrawal. The loss of phospho-Erk1/2 staining following doxycycline withdrawal demonstrated that there was a rapid decline in the RAF-MAP kinase signaling during tumor regression (Fig. 6A) . Although the expression of PTEN was retained in all melanomas analyzed (Fig. 6B) , PI3-K signaling was similarly down-regulated following extinction of H-RAS V12G as demonstrated by the loss of phospho-AKT (Fig. 6C) . Consistent with these alterations, cyclin D1, a target of both the PI3-K and Erk pathways, showed a rapid loss of expression upon RAS inactivation (Fig. 6C) . That AKT activation is lost following RAS down-regulation was further reenforced by the observations that there was a marked decrease in the expression of Bcl-xl and an increase in p27 KIP2 levels (Fig. 6C) , two proteins known to be induced or repressed, respectively, by activated AKT. Notably, melanomas constitutively expressing Ereg showed sustained phospho-AKT and Bcl-xl levels following withdrawal of doxycycline ( Fig. 6D and  E) , providing a potential molecular basis for the delayed regression of Ereg-overexpressed tumors (Fig. 5A) .
RAS-driven transformation of melanocytes involves RAF-MAP kinase. To further address the contribution of various RAS effector pathways to the melanoma maintenance phenotype and to induction of the EGF family ligands, we trans- . These mutants have been shown historically to predominantly activate the Raf-MAPK, RalGEF, and PI3-K pathways, respectively. Real-time RT-PCR and Northern blot analysis of these transduced melanoma cells grown in vitro in the absence of doxycycline demonstrated that only RAS V12S35 activated Ereg expression (data not shown). The tumorigenicity of these cell lines was assessed by injection into SCID mice without doxycycline administration. Expression of RAS V12S35 , but not the other RAS effector loop mutants, was able to induce tumors with latencies similar to those of parental cells injected in the presence of doxycycline (Table 1 ). In addition, expression of RAS V12S35 , but not the other RAS alleles, in cultured Ink4a/Arf Ϫ/Ϫ melanocytes produced tumorigenic growth following implantation in SCID mice (data not shown). It should be noted, however, that expression of H-RAS V12G with an unmodified effector loop produces tumors with slightly shorter latencies than the S35 effector loop mutant does (ϳ7 days versus ϳ10 days; data not shown), suggesting that the RAS V12S35 mutant may be deficient in some melanoma-promoting activities.
Together, these results demonstrate that activation of the downstream effectors in response to the RAS V12S35 mutant, such as the Raf-Erk1 pathway, are critical for RAS-dependent melanoma genesis and that the oncogenic and tumor maintenance program directed by this pathway involves activation of EGFR signaling. 
DISCUSSION
In this study, we have examined the genetic program of RAS-directed melanoma tumor maintenance in vivo. These studies led to the identification of a functionally relevant EGFR autocrine loop. In addition to these molecular findings, the changing transcriptional profile following RAS extinction mirrored well the biological features observed in the regressing tumors, providing insights into the mechanisms underlying the regression process. For example, there is an H-RAS V12G -directed angiogenic transcriptional program with prominent regulation of the family of prolactin-related/proliferin hormones. Proliferin genes are reactivated in a fibrosarcoma model in which they are essential for neovascularization (60) . The potent induction of these hormones by H-RAS V12G suggests that this oncogene appropriates a normal developmental placental program of gene expression to promote tumor angiogenesis.
Our demonstration of a role for EGFR signaling in RASdependent melanomas is consistent with observations made in other cell systems, including fibroblasts, keratinocytes, and intestinal epithelial cells, that autocrine EGFR signaling is required for transformation by activated RAS (18, 23, 58) . The EGFR pathway provides important survival signals in these cell types involving PI3-K-dependent activation of AKT. In the absence of such signaling, RAS is unable to overcome the apoptotic stimulus associated with low growth factor concentrations and detachment from extracellular matrix. Our results suggest that these pathways are operative in melanocyte transformation. It is noteworthy that the contribution of EGFR signaling to melanoma is evolutionarily conserved, since activating mutations in the EGFR homologue, Xmrk, lead to melanoma susceptibility in Xiphophorus fish (17) .
It is of interest to consider the genetics of the mouse melanoma model in light of the distinct mutational patterns of human melanomas. Specifically, like murine tumors, human melanomas show mutually exclusive mutations in the NRAS and PTEN genes (62) . A similar relationship between PTEN and KRAS occurs in endometrial cancer and between Pten and H-RAS in a mouse model of squamous cell carcinoma (30) . Moreover, NRAS and BRAF mutations occur reciprocally in human melanomas, while BRAF mutations are detected in approximately 80% of cultured melanomas harboring loss-offunction PTEN mutations (15, 61) . These data appear to indicate RAS mutations are redundant to PTEN loss in tumorigenesis. It is likely that RAS-induced stimulation of survival pathways downstream of PTEN, for example via direct PI3-K activation and through induction of autocrine EGFR signaling, may obviate the requirement of PTEN mutations. PTEN loss may act synergistically more effectively with genetic lesions other than RAS in the pathogenesis of melanomas.
Recent studies have presented contradictory evidence on the relative importance of RAS effector pathways in tumorigenesis. On the basis of in vitro studies with RAS effector loop mutants in immortal human cell lines, one report has suggested that the RalGEF pathway is the major mediator of RAS transformation and that RAF-MAP kinase and PI3-K are dispensable (27) . On the other hand, cancer genetics data, most prominently of melanomas, has revealed a very high incidence of BRAF mutations that occur mutually exclusive to RAS mutations in a given tumor (16) . Such data lend support to the importance of RAF-MAP kinase signaling for RAS-driven melanoma pathogenesis. Consistent with this notion, the H-RAS V12S35 mutant alone is capable of rescuing tumorigenesis in the absence of H-RAS V12 in our system, demonstrating genetically that the effectors engaged by this mutant, such as the RAF-MAP kinase pathway, do indeed play important roles in mediating H-RAS V12 -dependent transformation. What role the RAS effector pathways play in melanoma initiation rather than maintenance is an important question requiring additional investigation.
There is increasing enthusiasm for target-specific therapies driven in part by recent successes in the use of agents directed to specific molecular targets. The effectiveness of this targetspecific approach is reinforced further by observations of inducible mouse tumor models directed by single oncogenes, such as H-RAS in melanomas (14) , K-RAS in lung cancers (22) , Her2/neu in breast cancers and c-Myc in hematopoietic malignancies (20) , and islet cell carcinomas (45) . The regression of these tumors following deactivation of the specific oncogene demonstrates that advanced malignancies can remain critically dependent on the activity of their initiating lesions and thus constitute attractive candidates for drug discovery and development. On the other hand, many of these oncogenes are not readily targeted by current drug development strategies. Thus, many current therapeutic approaches are directed against molecular targets other than those with specific oncogenic mutations (1, 21) . Along these lines, implementation of inducible tumor model systems in conjunction with expression profiling could expand the therapeutic options by targeting signaling pathways linked to an oncogene. Our study illustrates this scenario by uncovering a role for autocrine EGFR signaling in RAS-directed melanoma survival. This raises the possibility that melanomas harboring mutant RAS may show sensitivity to EGFR inhibitors in treatment regimens. Notably, human melanomas harboring RAS mutations appear to have elevated EGFR immunoreactivities than melanomas with wildtype RAS alleles (2) . On the other hand, some studies have shown that EGFR inhibitors do not block growth of human melanoma cell lines in vitro (4), suggesting there may be differences in the molecular circuitry of human and mouse melanomas. Beyond the EGFR ligands, our expression profiles reveal other genes highly regulated by H-RAS V12G that are alternative useful targets. For example, the chromatin component HMG-IC is necessary for RAS-induced transformation of thyroid cells (6) and hence may also be a requisite component of the transformation program of Tyr/Tet-RAS melanomas. Similarly, ornithine decarboxylase is required for RAS transformation of fibroblasts (3) . Overall, these observations suggest that this and similar model systems may provide versatile platforms for the identification and validation of improved molecular therapies. 
